The vertebrate Six3 gene a homeobox gene of the Six-family, plays a crucial role in early eye and forebrain development. Here we report the isolation of candidate factors that interact with Six3 in a yeast two-hybrid screen. Among these are two basic helix loop helix (bHLH) domain containing proteins. Biochemical analysis reveals that the bHLH proteins ATH5, ATH3, NEUROD as well as ASH1 interact specifically with XSix3. By defining the interacting domains we show that the bHLH domain of NEUROD interacts with the SIX domain of XSix3. The co-expression of the interacting molecules during late retina determination/differentiation suggests a new role for Six3 and the respective interaction partner also in these late steps of eye development. q
Introduction
Homologous genes function in the eyes of Drosophila as well as in those of vertebrates. The Six-/sine oculis family of transcription factors, comprising the Six1/2; Six3/6 and Six4/ 5 subfamilies (Seo et al., 1999 , reviewed in Kawakami et al., 2000 is one of the prominent examples for the conservation of gene function. Drosophila sine oculis (Six1/2 subclass) is essential for the development of the larval and adult eye and can induce ectopic compound eyes in cooperation with eyes absent (eya) (Cheyette et al., 1994; Pignoni et al., 1997; Serikaku and O'Tousa, 1994) . Drosophila Optix/Six3 (Six3/6 subclass) is involved in the development of the adult compound eye from the eye imaginal disc (Seimiya and Gehring, 2000; Seo et al., 1999) . In vertebrates, members of the Six3/6 class are expressed in the anterior central nervous system (CNS) starting during neurulation in anterior neuroectoderm. Their expression is maintained later in the anlagen of the forebrain, the eye anlage, lens placode, olfactory and hypothalamic primordium (Loosli et al., 1998; Seo et al., 1998) and they function during the determination of the retina anlage and retinal proliferation (Loosli et al., 1999; Zuber et al., 1999) . In the eye, Six3 is expressed early during retinal determination as well as later during differentiation of the neuroretina (Bovolenta et al., 1998; Kobayashi et al., 1998; Loosli et al., 1998; Oliver et al., 1995; Seo et al., 1998; Zhou et al., 2000) .
Consistent with its various expression domains, vertebrate Six3 gain-of-function phenotypes range from an enlargement of the forebrain (Kobayashi et al., 1998) and eye to the induction of ectopic optic cups (Loosli et al., 1999) . In human patients, mutations in the human Six3 homologue cause holoprosencephaly, a condition leading to the failure of forebrain separation into left and right hemispheres (Pasquier et al., 2000; Wallis and Muenke, 2000; Wallis et al., 1999) . Lossof-function experiments in medaka (Oryzias latipes) indicate a dual role for Six3 in early eye development: in forebrain and retina determination as well as in proximo-distal retinal patterning (Carl et al., 2002) . It seems unlikely that these diverse effects are mediated by a single transcription factor alone. Rather, specific co-factors and regulatory networks are likely to functionally integrate Six3 at its various expression sites and stages, including eye development.
In Drosophila melanogaster the interaction between sine oculis and eyes absent (EYA) has been shown to be necessary for compound eye formation (Chen et al., 1997) . Conservation of the interaction between different EYA proteins and members of the SIX1/2 and SIX4/5 subfamilies has been reported, but an interaction with SIX3 was not detected (Heanue et al., 1999; Ohto et al., 1999) .
We searched for SIX3 interacting proteins by a yeast twohybrid screen. Here we describe the isolation of interacting factors, the expression patterns of which overlap with Six3 during eye and brain development. Among those are basic helix loop helix (bHLH) domain proteins. Their interaction with SIX3 was further characterised, which revealed that the conserved SIX and bHLH domains interact with each other. Glutathione S-transferase (GST) pull-down analyses with different members of the bHLH domain containing protein family reveal the specificity of this interaction and show that SIX3 interacts only with a subset of the bHLH domain proteins. One of the strongest interactors is NEUROD. In Xenopus, NeuroD and Six3 are co-expressed during cell fate determination and differentiation in the neuroretina, suggesting a novel role for SIX3 in later eye development.
Results

Interaction candidates for Six3 with distinct spatially and temporally overlapping expression profiles
Using the entire Six3 open reading frame of the teleost medaka (OlSix3) as bait for a Xenopus yeast two-hybrid library, we selected interactors that are conserved between these species, and possibly among vertebrates. We initially isolated 380 clones that were positive after retransformation and showed no auto-activation. Among those, 75% were highly specific in their interaction with OlSIX3 and neither interacted with mouse SIX2 (mSIX2) nor with chicken SIX6 (cSIX6). Among all 380 clones, we isolated 24 at least twice, independently. Here we describe those genes (Table 1) that show co-expression with XSix3 as revealed in whole-mount in situ hybridisation analysis in Xenopus laevis (Fig. 1) . Our expression analysis complementing the previously published expression data of XclaudinA (Brizuela et al., 2001 ) and of Xath1 (Kim et al., 1997) indicates that the isolated genes can be divided into two groups with respect to their co-expression with XSix3.
The majority shows a temporally extended co-expression with XSix3 (Fig. 1D-I ), starting at neurula stages (stage 17) and lasting well into eye differentiation stages (stage 24 and later). The remaining candidates are co-expressed only later during development, starting with stage 24 or later ( Fig.  1K-N) . A summary of the different candidates isolated, their co-expression with XSix3 and their previously assigned function(s) is given in Table 1 .
Two of the genes that are strongly co-expressed with XSix3 only during later development show either no significant homology to any gene in the database so far, namely clone #16 (Fig. 1N) , or have no designated function yet, as in the case of scoco (Fig. 1M ). Both of them are highly specific in their interaction with SIX3, when tested in yeast cells.
Among the genes that show early and late co-expression, we isolated XESG1, one of the GROUCHO homologs in Xenopus laevis (Fig. 1G ). In accordance with this, an interaction of Groucho3 and SIX proteins of all three subfamilies has recently been described in zebrafish (Kobayashi et al., 2001 ). (Bartoli et al., 1999) Other genes that show an early and late co-expression with XSix3 are transcriptional regulators, e.g. a chromatinassociated protein (Fig. 1D) , which interacted specifically with OlSIX3 and not with mSIX2 or cSIX6. Interestingly, we also isolated two transcription factors containing a bHLH domain. One shows highest homology to the bmal2 gene in other vertebrates, and is co-expressed with XSix3 especially in the eye and brain (Fig. 1E) . The other protein was Xenopus atonal1 (XATH1). Previous studies as well as our own whole-mount in situ analysis could not detect any expression of Xath1 in XSix3-expressing areas (Kim et al., 1997 , data not shown). However, math1, the murine homo- log shows expression in the inner nuclear layer of the eye (Huda Zoghbi, personal communication) where it is coexpressed with mSix3 (Kawakami et al., 1996; Marquardt et al., 2001; Oliver et al., 1995) . We thus cannot exclude that the expression of Xath1 in the Xenopus eye has been overlooked so far or that this interaction is relevant only in organisms other than Xenopus laevis. In the yeast assay, XATH1 strongly interacted with OlSIX3 and showed some weaker interaction with mSIX2 (data not shown), suggesting that this interaction is also relevant for other Six family members.
Interaction of bHLH domain transcription factors with Six3
XATH1 is a member of the atonal-related protein family (ARP), which consists of three different subfamiliestermed ATO, NEUROD and NEUROGENIN (Hassan and Bellen, 2000) . bHLH proteins closely related to XATH1, namely ATH5/3 and NEUROD have been shown to play an important role during retina and brain differentiation and are prominently coexpressed with XSix3 (Brown et al., 2001; Cepko, 1999; Hutcheson and Vetter, 2001; Kanekar et al., 1997; Kay et al., 2001; Liu et al., 2001; MatterSadzinski et al., 2001; Morrow et al., 1999; Perron et al., 1999; Takebayashi et al., 1997; Wang et al., 2001 ). Therefore, we investigated whether SIX3 interacts with any of these factors that function in retinal differentiation by pull-down assays with GST-fusion constructs.
We found that XSIX3 interacts with members of both, the ATO and NEUROD subfamily, but not with NGNR-1, a member of the neurogenin subfamily (Figs. 2 and 3). We confirmed these results by reciprocally fusing the GST domain to the respective interacting bHLH domain protein and probing the purified proteins for their interaction with XSIX3 (Fig. 4) .
To test whether the SIX3-bHLH protein interaction is limited to ARPs, we investigated the interaction of XSIX3 with other bHLH family members. We tested XASH1, a member of the achaete-scute family, XESR1, a member of the enhancer of split-related family, and XMAX2, a more distantly related bHLH protein that contains a zincfinger and belongs to the Myc/Max/Mad network of transcriptional regulators. We found that XASH1 interacted, albeit weaker (Fig. 3) . This is an interesting finding because Xash1 is specifically coexpressed with Xsix3 at stage 22 in the presumptive diencephalon and at stage 23 in the eye anlagen (Ferreiro et al., 1993) .
However, we did not find interaction of either XESR1 or XMAX2 in GST pull-down assays (Fig. 3) indicating that the interaction with SIX3 is not a general feature of bHLH domain proteins.
Taken together, our data indicate that XSIX3 specifically interacts with members of the ATO and NEUROD subfamilies of ARPs and with a member of the ASH family, all shown to function as positive regulators of retina cell determination/differentiation (reviewed in Cepko, 1999) . Among the ARPs coexpressed with Six3 (see below), NeuroD and XATH5/3 showed the strongest interaction with XSIX3. We therefore focussed the following analysis on Xath5 and in more detail on NeuroD.
XNeuroD and XSix3 are co-expressed in the dorsal diencephalon and in the eye
In order to further determine the time frame in which the interaction between XSIX3 and ARPs might play a role in retina development, we chose one prominent member of this group, NeuroD that resembles the expression of Xath3 and Xath5 in the developing retina (Kanekar et al., 1997; Perron et al., 1999 ) and performed double labelling whole-mount in situ hybridisation studies (Fig. 5) . The expression patterns of ARPs are well described (Kanekar et al., 1997; so we focussed on the co-expression of Six3 and Xath5 as well as NeuroD in the developing retina.
The expression of Xath5 (Kanekar et al., 1997; prominently overlaps with that of Six3 in the developing retina (Fig. 5A-C) . At stage 28, coexpression is detected in the retinal ganglion cell layer and in bipolar cells. XNeuroD starts to be expressed around stage 14. Coexpression with XSix3 is not detected prior to stage 24 (Fig.  5D-F) . At stage 24, expression of XNeuroD can be detected in the optic vesicle and in the dorsal region of the diencephalon, presumably in the pineal organ, both regions where XSix3 is expressed (Fig. 5G-I and Ghanbari et al., 2001) . Interestingly, only isolated, scattered cells in the eye coexpress XNeuroD and XSix3 at this stage (Fig. 5G, H) . During subsequent stages, the expression domain of XNeuroD extends, covering almost the entire retina at stage 28 and vanishes from the central region almost completely until stage 37. Since the expression of XSix3 is confined mainly to the prospective retinal ganglion cell layer and inner nuclear layer of the neuroretina until stage 37 (Fig. 5M-O) , the strongest co-expression of XNeuroD and XSix3 can be observed around stage 28 (arrowhead in Fig. 5L ). The genes remain co-expressed in the marginal regions of the stage 37 retina (arrowheads in Fig. 5O ). The RGC layer expresses only XSix3 at this stage. In summary, we observed that XNeuroD and XSix3 are coexpressed in two domains i.e. the pineal organ and the developing eye from stage 24 onwards. Notably, this is when retinal cells are still being determined, and are just about to become post-mitotic and start differentiation (Chang and Harris, 1998; Holt et al., 1988) . The expression domains of both genes separate again towards the end of differentiation.
The SIX domain of XSIX3 is sufficient to interact with XNEUROD
In order to define the domains necessary for the XNEUROD-XSIX3 interaction, we generated deletion constructs with domains of the XSIX3 protein fused to GST (Fig. 6B) . The resulting proteins were tested for their interaction with XNEUROD in a GST pull-down experiment (Fig. 6A) . We found that the N-terminus and C-terminus of XSIX3 did not interact with XNEUROD (Fig. 6A , lanes 6 and 7), suggesting that both domains alone are not sufficient for the interaction. In contrast, four other constructs, containing the SIX domain (SD) alone or in combination with other domains, did interact with XNEUROD (Fig. 6A, lanes 2-5) . Thus, the SD of XSIX3 is sufficient for the interaction with XNEUROD, whereas the N-and C-termini are not required for the interaction.
Both the N-terminus and the bHLH domain of XNEUROD can interact with XSIX3
We next tested which region(s) of the XNEUROD protein can interact with XSIX3. For this we constructed several GST::XNEUROD fusion proteins (Fig. 7B ). These were tested in GST pull-down assays for their interaction with XSIX3 (Fig. 7A) .
GST-fusions of either the N-terminus or the bHLH domain of XNEUROD, as well as a fusion construct that contained both of these domains, were able to interact with the full-length XSIX3 protein (Fig. 7A, lanes 1-3) , arguing that both the N-terminus and the bHLH domain are sufficient for the interaction.
This shows that the SIX domain and the bHLH domain, both highly conserved in evolution, are sufficient to interact with the full-length XNEUROD or XSIX3 protein, respectively. The less conserved N-terminus of XNEUROD also contributes to this interaction. Fig. 4 . Interaction of different ARPs with XSIX3. Reverse GST fusions were used to re-confirm interactions in pull-down experiments. GST was fused to XATH3, XNEUROD and XATH5. Incubation of any of these GST fusion proteins with XSIX3 (lanes 1, 3, 5, apparent size: < 35 kDa) leads to stronger interaction than the corresponding controls with GST alone (lanes 2, 4, 6). Lane 7 shows the XSIX3 TNT input. 
Discussion
A screen for interacting partners of Six3
Although it has been shown that Six3 has important functions in the development of eye and forebrain structures (Loosli et al., 1999; Wallis et al., 1999) , an interaction network in which it is integrated to convey these functions is largely unknown. In this manuscript, we report the isolation of 11 interacting proteins from a yeast two-hybrid screen. These numbers represent a substantial enrichment for clones expressed within the Six3 expression domain, when compared to expression patterns of randomly picked clones (Wittbrodt and Wittbrodt, unpublished observation), and thus are a strong indication that our screen was successful in identifying interacting partners of SIX3.
All these, except one, are co-expressed with XSix3 at a early (neurulation) and/or later stage 24 or later) stages in the developing brain and or eye of Xenopus laevis. Interestingly, none of the interacting proteins identified shows coexpression only at early stages, suggesting that the same interactors mediate early and late functions of SIX3.
Two categories of candidate interactors could be identified: those that show early and late co-expression, and genes that show only late co-expression in the developing forebrain and/or eye.
Among the early and late co-expressing candidates, we isolated XESG1, a member of the groucho family of transcriptional co-repressors. Members of the GROUCHO family have recently been reported to interact with SIX protein family members (Kobayashi et al., 2001 ). However, since members of all SIX subfamilies showed this interaction, GROUCHO is not likely to contribute alone to the functional diversity that different SIX-subfamily members display in gain-of-function studies (Loosli et al., 1999) .
Apart from the early and late co-expressing candidates, we isolated factors that are co-expressed with XSix3 only later in development. This hints at a specific function of Six3 during later development. Among those candidates are several proteins of unknown function albeit interesting coexpression patterns, e.g. scoco, as well as some members of the atonal-related protein class and related bHLH transcription factors, which we investigated in more detail as they are known to play key roles during retinal differentiation. 
A possible late role for Six3 in retina differentiation
XSIX3 can specifically interact with XNEUROD, XATH3 and XATH5. All these genes are involved in determination/differentiation processes of retina cells and form a regulatory network among each other and with XNGNR-1. In this network, XNGNR-1 regulates XNEUROD, XATH3 and XNEUROD regulate each other's expressions, and XNEUROD regulates XATH5 (Kanekar et al., 1997; Kay et al., 2001; Koyano-Nakagawa et al., 1999; Liu et al., 2001; Perron et al., 1999) .
While we find an interaction of SIX3 with XNEUROD, XATH3 and XATH5, we show that, under the same conditions, SIX3 does not interact with XNGNR-1, a member of the neurogeninin subfamily of ARPs. Xngnr-1 is expressed at more peripheral regions than XNeuroD, Xath3 and Xath5 in the ciliary marginal zone of Xenopus and plays a role in the initiation retinogenesis. SIX3 interacts specifically with those factors that act later than XNGNR-1 during the subsequent steps of retinal differentiation.
In agreement with a late function, we observe that coexpression of XNeuroD or Xath5 and XSix3 in the eye starts around the time when cell fate determination is still in progress, but differentiation is initiated. At the end of differentiation, their coexpression vanishes, suggesting that their interaction with SIX3 is important for the determination and/or differentiation of distinct cell types in the retina. This finding is in accordance with the notion that in a conditional inactivation of murine Pax6 in retinal progenitor cells, co-expression of Six3 and NeuroD coincides with the exclusive generation of amacrine cells. Therefore, Six3 is discussed to permit amacrine cell fate in the presence of NeuroD (Marquardt et al., 2001 ).
Xath3 and Xath5 show expression patterns similar to XNeuroD in the developing neuroretina (Kanekar et al., 1997; Perron et al., 1999) , suggesting that these proteins likewise form part of the determination/differentiation network of the eye. The interaction of SIX3 with a specific combination of ARPs thus may specify distinct cell types of the neuroretina. On the other hand, differentiation requires a stop of proliferation on the one hand and the expression of cell type specific differentiation genes. Therefore, the ARP/ XSIX3 interaction should initiate, directly or indirectly, a proliferation-stop signal. As Six3 on its own has been shown to stimulate proliferation (Kobayashi et al., 1998; Loosli et al., 1999) it is tempting to speculate that it is the interaction of SIX3 with XNEUROD, XATH3 or XATH5 that abolishes its proliferative activity, to promote differentiation in those cells of the retina that co-express these ARPs.
One further aspect of our study is the question of evolutionary conservation of these interactions. By performing a cross-species screening experiment, we had already selected interaction partners that were presumably conserved between two different vertebrates. Our domain-mapping experiments further support this conservation. Since the conserved bHLH domain of XNEUROD interacted with XSIX3, and XSIX3 interacted with XNEUROD via the conserved SIX domain, it is reasonable to speculate that similar interactions might take place in other, non-vertebrate organisms. On the other hand, the interaction between the N-terminus of NEUROD and SIX3 appears to be a specific feature of the NEUROD subfamily, since no conserved domain could be detected at the amino acid sequence level.
The interaction of XSIX3 with the non-atonal related bHLH protein XASH1, but not with XESR1 or the more distantly related protein XMAX2, clearly indicates specific interactions with other non-ARP bHLH transcription factors, the relevance of which will be addressed in future experiments.
Experimental procedures
Animals
Fertilised eggs were obtained from pigmented and albino Xenopus laevis injected with 500 U of human chorionic gonadotropin (Sigma) to induce egg laying. Embryos were de-jellied in 2% cysteine (pH 7.5) and staged according to Nieuwkoop and Faber (1994) .
Yeast two-hybrid analysis
In order to construct the baits, different OlSix3 fragments and the complete mSix2 open reading frame (ORF) were amplified by polymerase chain reaction (PCR) such that an artificial EcoRI restriction site at the 5 0 end and a BglII restriction site at the 3 0 end flanked the product. Following digestion with EcoRI and BglII, the fragments were cloned in frame with the Gal4BD into pGBDU-C3, containing the Ura3 gene (James et al., 1996) . The constructs were verified by sequencing. The primer sequences are as follows: Cooper's laboratory) (Yost et al., 1998) was used for transformation into the PJ69-4A yeast strain as described in the 'High Efficiency Transformation Protocol' { (Agatep et al., 1998) ; see also http://www.umanitoba.ca/faculties/medicine/biochem/gietz/method.html} yielding 1.5 £ 10 7 transformed yeast cells in the case of harbouring the complete OlSix3 gene as a bait construct. The vector used for this library was f1-VP16, containing theLeu2 gene. The complexity of the library was given with 7.5 £ 10 6 independent clones. For all other cases of yeast transformations, we used the 'Quick and Easy TRAFO Protocol'{ (Gietz, 1994) plates were forced to lose the bait plasmid by exposing them several times (4-5 times) to 1 mg/ml 5-Fluoroorotat (5-FOA) until no growth on SD-URA 2 plates could be observed. Interactions were reconfirmed by remating these cells with a PJ69-4a strain containing the bait plasmid. To test for autoactivation, cells were remated with cell containing the empty pGBDU-C3 vector. Reconfirmed, non-autoactivating prey plasmids were isolated with the 'RPM Yeast Plasmid Isolation Kit' (#2069-400 from Q*Biogene) with two modifications. Yeast cells were grown for 3-4 days and DNA was eluted in 40 ml. After reisolation from Escherichia coli cells the interaction was reconfirmed in yeast with the plasmids yielded from these preparations.
GST pull-down constructs
In order to construct the GST::XNEUROD and GST::XSIX3 fusion constructs, the various XNeuroD or Following digestion with EcoRI and XhoI, the fragments were cloned in frame with GST into pGEX-KG obtained from Amersham Pharmacia Biotech. The in-frame fusion was verified by sequencing.
In vitro glutathione S-transferase -fusion protein pulldown assays
GST and GST fusion proteins were isolated from the E. coli strain BL21 (DE3) 1 RP after induction with 0.5 mM IPTG followed by 4-6 h of incubation at 308C. The cells were harvested in cold phosphate-buffered saline (PBS) containing 1 mM phenyl-methyl-sulfonyl-fluoride (PMSF) and 1 mg/ml lysozyme. After sonication, Triton X-100 was added to a final concentration of 1%. After removal of DNA via centrifugation, the supernatant was aliquoted and stored at 2808C. Volumes (100-600 ml) corresponding to approximately even amounts of individual GST/GST fusion protein were coupled to washed glutathione sepharose beads (20 ml suspension), washed twice with PBS and once with IPbuffer (50 mM Tris-HCl pH 7.5; 150 mM NaCl; 0.5% NP40; 5 mM EGTA pH 8.0; 5 mM EDTA pH 8.0; 20 mM NaF) both buffers containing 1.5% bovine serum albumin (BSA) and 1 mM PMSF. Coupled beads were incubated with 20 ml of in vitro translated protein (using a SP6 TNT coupled transcription/ translation system with Sp6 polymerase (Promega) and 35 S-methionine according to manufacturer's instructions) in IP-buffer containing complete proteinase inhibitor cocktail (Roche) and 1.5% BSA for 2 h at 48C with shaking. The beads were washed four times with IP-buffer, resuspended in 20 ml of electrophoresis sample buffer and heated (958C) for 5 min. Following SDS polyacrylamide gel electrophoresis, the gel was checked for roughly equal GST/GST-fusion protein amounts by Coomassie staining. Non-GSTproteins were visualised by audioradiography.
Whole-mount in situ analysis
Whole-mount in situ hybridisations were performed as described in standard protocols (Harland, 1991) with a change in the hybridisation temperature, which was increased to 658C.Vibratome sections were done following standard procedures at a thickness of 40 mm (Loosli et al., 1998) .
